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Control of Optical Band Gap in La Doped Bismuth
Titanate with Two Stage Doping

JUN YOUNG HAN AND CHUNG WUNG BARK*

Department of Electrical Engineering, Gachon University, Bokjeong-dong,
Sujeong-gu, Seongnam, Gyeonggi-do, Republic of Korea

The wide band gap of complex oxides is one of the major obstacles limiting their use in
photovoltaic cells. To tune the band gap of complex oxides, this study examined the effects
of chemical/oxygen vacancy doping on Bi,Ti; O, based oxides synthesized using a solid
reaction method. The structural, optical and electrical properties of the synthesized
powers were determined by x-ray diffraction, scanning electron microscopy, ultraviolet-
visible spectroscopy, and resistant measurements. Both types of doping, chemical doping
and oxygen doping, could affect the tunability of the band gap. On the other hand, the
decrease in band gap from oxygen vacancy doping was much more significant in the
chemical doped sample than in the sample without chemical doping. Two stage doping,
which combined chemical and oxygen vacancy doping, of La doped bismuth titanate
reduced the band gap of La doped bismuth titanate from 2.75eV to 1.2eV without
breaking symmetry.

Keywords Bismuth titanate; band gap engineering; chemical doping; oxygen vacancy
doping

Introduction

Complex oxides are used widely in a range of applications, such as field-effect transistors
(FETs) and thin film transistors (TFTs). Recently opto-electronic systems have attracted
considerable attention. Among the many classes of materials, complex oxide materials are
emerging again as candidates for opto-electronic device applications, such as photovoltaic
devices and photo detectors [1-4]. They have a range of useful properties, e.g. ferroelec-
tricity can boost the photoelectric response. By utilizing the spontaneous polarization of
ferroelectric oxides, a photovoltaic cell can produce a higher voltage than the band gap
energy of the material [5—-6]. Moreover, complex oxides are extremely stable and can sur-
vive harsh environments, such as high temperature, high humidity and exposure to many
hazardous chemicals. On the other hand, most complex oxides have a much wider band
gap than the materials commercially available for photovoltaic cells. The wide band gap
governs the upper limit of the absorption energy from solar light, and is a major obstacle
that limiting the use of these materials as photovoltaic cells [7].

Therefore, the ability to tune the band gap is important for developing highly efficient
solar cells and transparent conducting oxides. To tune the band gap of complex oxides, this
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study examined the effects of chemical /oxygen vacancy doping on BisTi3O;, (BiT)-based
oxides synthesized using a simple alloying method. BiT was chosen as the model material
because of its attractive properties.

The Aurivillius family is a class of complex bismuth titanate-based oxides that have
number of layered perovskite structures [8]. These compounds, (Bi;05)**(An.1BnOsny1)> ",
are normally good insulators, which have a dielectric response, and crystal symmetry in
some compositions, e.g. BiT can exhibit ferroelectricity [9]. In addition, unlike other type
of ferroelectric materials, the electrical and structural properties of Aurivillius phases can
be maintained even after extensive chemical and oxygen vacancy doping of the phase owing
to its layered structure with alternating Bi,O, and Bi,Ti3Oy layers.

For these reasons, Aurivillius phases are good candidate materials for solving the wide
band gap problem, which is one of the major obstacles that limit photoelectric applications
[10]. On the other hand, most attention on BiT-based oxides has been focused on the
development of ferroelectric memory. Few studies have examined the optical response and
band gap tunability [11].

Fabricating complex transition metal oxides with a tunable band gap without losing the
useful ferroelectricity is a longstanding challenge. Density functional theory calculations
have attributed the decrease in band gap to an additional Co electronic state just below
the conduction band of BiT [12-13]. Recently, superlattice films grown using LaCoO;
and BiyTi3Oj, (BiT) can be one approach to systematically lowering the band gap of the
materials [12]. In addition, a series of oxygen vacancy doping induced band-gap narrowing
and enhanced the visible light activity of bismuth titanate [14—15]. One study reported
that oxygen vacancies readily form in the Aurivillius structure without compromising the
ferroelectricity [16]. Although both types of doping are effective in reducing the wide band
gap of oxides, there are no reports of combining the two methods in bismuth titanate.

To identify a useful route for effectively tailoring the band gap of complex oxides, this
study attempted to reduce the optical band gap of the parent material (LBiT) using two
methods, chemical doping and oxygen vacancy doping. Using the first method, chemical
doping, La and Co doped atoms were substituted into a layered ferroelectric BisTi3O
(BIT) to synthesize (Bi3_25Lao'75)Ti3O12(LBiT) and (Bi3.25Laol75)(COTiz)Olz,(CO-LBiT).
With the other type of doping, oxygen vacancy doping, two oxygen deficient Aurivillius
phases, (Biz 25Lag 75)TizO12.x (LBiT(OD)) and (Biz 25Lag 75)(CoTiz)O12.x,(Co-LBiT(OD)),
were synthesized. A series of doped samples were synthesized using a simple solid
reaction method without some of state-of-the-art techniques to grow the superlattice
structure. These powders were characterized structurally by X-ray diffraction (XRD).
Although heavy chemical and oxygen vacancies in oxide materials can break their crys-
tallographic symmetry, all the doped bismuth titanate maintained their original struc-
ture, orthorhombic symmetry, owing to the structural uniqueness of the Aurivillius
phase [13].

The optical band gaps of the synthesized powers were determined by ultraviolet-
visible(UV-Vis) absorption spectroscopy. As a result, the band gap of LBiT could be
reduced considerably using the two stage doping method; the measured the optical band
gap were reduced from 2.7 eV (LBiT) to below 1.2eV (Co-LBiT(OD)).

Experimental Procedure

To analyze the chemical/oxygen vacancy doping effect on the band gap, bismuth-layered
structure-based powders, corresponding to the compositions, BissLag75Ti3O012(LBiT),
Bi3'25Lao.75COTizO]z(CO-LBiT) and oxygen deﬁcient Bi3'25LaO'75Ti3O|2_X(LBiT(OD)),
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Figure 1. Procedure to synthesize LBiT, Co-LBiT and LBiT(OD), Co-LBiT(OD) powders.

BijsLag75CoTi,O12.x(Co-LBiT(OD)), were prepared. Figure 1 summarizes the entire
procedure.

The samples were synthesized using a solid-state reaction method with the starting
binary oxide powders, Bi; O3 (99.9%, Kojundo), TiO; (99.99%, Kojundo), La, 03 (99.99%,
Kojundo), and Co304 (99.9%, Kojundo) as raw materials. The blended powders at the
stoichiometric ratio were mixed thoroughly in a ball mill for 24 hours, dried in an oven at
100 °C and calcined at 700 °C for 2.5 hours in air. The resulting calcined powders were
milled and calcined again under the same conditions. From the 1% stage of the procedure,
LBiT powders with and without cobalt doping were synthesized and amount of Co atoms
were substituted for Ti atoms.

For the oxygen deficient phase, oxygen vacancies were generated in the LBiT and
Co-LBiT samples by a heat treatment in a vacuum furnace at a partial pressure of 1 mbar at
700 °C for 2 hours in the 2" stage of the procedure. As a result, oxygen deficient phases,
LBiT(OD), Co-LBiT(OD), were obtained from LBIT and Co-LBiT, respectively.

The samples were characterized structurally by XRD (Rigaku, D/MAX 2200) using Cu
K, radiation over the 20 to 80° 20 with an angular step of 0.02°/min. The microstructure
of synthesized powers was examined by scanning electron microscopy (SEM, Hitachi,
S-4700). To estimate the optical band-gap, the optical properties were measured using a
UV-Vis spectrometer (Agilent, 8453). The resistance of the sample was measured using a
multi tester.

Results and Discussion

Figure 2 shows that XRD patterns of the cobalt free LBiT, Co-LBiT, oxygen deficient
LBiT(OD) and Co-LBiT(OD). The XRD patterns were well matched with that reported for
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Figure 2. XRD patterns of LBiT, Co-LBiT and LBiT(OD), Co-LBiT(OD) powders. The vertical
lines indicate the position of ICSD No. 150091.

BijsLag 75 Tiz O, with an orthorhombic structure (ICSD No. 150091). The XRD patterns
were in agreement with the previously reported LBiT structures, which had been grown
using, different growth methods such as sol-gel, hydrothermal and complex polymeriza-
tion method [15, 17-18]. This suggests that the location of the peaks with orthorhombic
symmetry remain unchanged for all samples, indicating that the Aurivillius structure had
been maintained without breaking symmetry.

XRD confirmed that Co and oxygen vacancies were incorporated successfully into the
LBiT unit cell, but excess Co atoms formed a negligible amount of a secondary phase.
Co naturally develops a cobalt oxide secondary phase in heavily cobalt-doped samples.
For example, a cobalt oxide secondary phase was detected even in the superlattice films,
in which each layer was grown separately from the LCO and BIT ceramic targets. On
the other hand, the secondary phase did not reduce the band gap in the bismuth titanate
matrix.

The peak broadening of LBiT, Co-LBiT, LBiT(OD), and Co-LBiT(OD) was similar in
the XRD pattern. This suggests that the mean powder sizes of all the samples are almost
identical to each other based on Fig. 2.

Figure 3 shows SEM images of the as-calcined samples. Fig. 3-(A), (B), (C), (D)
show the microstructures of the LBiT and Co-LBiT and LBiT(OD) and Co-LBiT(OD).
The specimens consisted of plate like grains with a random orientation of plate faces. Plate-
like grain formation was reported to be a typical characteristic of bismuth layer-structured
ferroelectrics because they have a highly anisotropic crystal structure. The microstructure
is dominated by the presence of polygonal edges grains. As expected from XRD, the grain
size and shape in a series of the samples were almost identical to each other according to
SEM.

UV-vis absorption spectroscopy was used to determine band gap of samples. Figure 4
shows the optical bandgap (E;) of the samples (LBiT, Co-LBiT, LBiT(OD), and Co-
LBiT(OD)) measured from the UV-vis absorbance spectra at wavelengths from 200 to
800nm. The E, values of the samples were evaluated extrapolating the linear portion of the
curve or tail towards the x-axis [15, 19-20].

Consequently, the optical band gap of cobalt doped LBiT, Co-LBiT powder was
decreased dramatically to as low as 2.0 eV compared to the measured optical band gap
of the cobalt free LBiT powder (2.75 eV), as shown in Fig. 4. The secondary phase did
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Figure 3. SEM images of (a) LBiT, (b) Co-LBiT, (c) LBiT(OD), (d) Co-LBiT(OD).

not affect the optical bandgap. The color of cobalt free LBiT powders was yellowish,
whereas the Co doped BiT powders showed a darker color due to the increased absorption
in the visible range. These results suggest that the optical band gap could be reduced and
controlled by Co-doping.
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Figure 4. UV-vis absorbance spectra of the LBiT-based powders, (a) LBiT, (b) Co-LBiT,
(c) LBiT(OD), (d) Co-LBiT(OD).The extrapolation lines (dashed lines) indicates the optical band
gap. The E, value can be obtained by extrapolating the linear segments of the curves towards the
X-axis.



Downloaded by [University Of Gujrat] at 13:41 11 December 2014

42 J. Y. Han and C. W. Bark

Even if the materials had the same chemical ratio, the reported optical band gap energy
differed according to the materials (film (~3 eV), powder (below 3 eV)), synthesis method
and synthesis conditions (e.g. calcination temperature). The same synthesis conditions were
used during the entire procedure to exclude the extrinsic parameters, which can affect the
band gap of the materials. In addition, the grain size and shape were identical in all samples
according to XRD and SEM. The measured optical band gaps of the LBiT powder (2.75 eV)
grown in the present study agreed well with the data reported for the powder form [13, 15].

The oxygen vacancy-generated LBiT and Co-LBiT powders after a heat treatment
in a vacuum furnace were examined by UV-vis spectroscopy. The optical band gap of
LBiT(OD) and Co-LBiT(OD) was 2.6 eV and 1.2 eV, respectively. The oxygen vacancies
generated in the samples resulted in a significant decrease in band-gap. Oxygen vacancies
induced band-gap narrowing and enhanced visible light photocatalytic activity in ZnO
[21]. Other studies have shown that a high concentration of oxygen vacancies in ZnO
leads to an enhancement of the visible light absorption capability and the observed band
gap narrowing is closely related to the oxygen vacancy concentrations, e.g. ZnO with the
highest oxygen vacancy concentrations has the best visible light response. Accordingly,
oxygen vacancies can narrow the band gap instead of just forming active centers or trap
centers [22]. In addition, oxygen vacancies were reported to cause some changes in the
electronic structure of TNTs/N2 aggregation and extend the Fermi level to the conduction
band [23]. For example, in a TiO; crystal, the Fermi surface of the total density of states
(TDOS) extended into the conduction band, which led to a decrease in band gap. According
to these calculations, the band gap of the TiO, with oxygen vacancies was reduced by
approximately 0.176 eV. Without doping, oxygen vacancies exert an important influence
on the optical properties of TiO, crystals and are responsible for the large improvement in
photocatalytic efficiency.

The LBiT(OD) sample showed a lower bandgap than the LBiT sample, albeit not large,
whereas the Co-LBiT(OD) sample showed remarkably reduced optical band gap compared
to the LBiT(OD) sample. The mechanism for huge difference in band gap between the
cobalt free and cobalt doped oxygen deficient phases will require further study. Neverthe-
less, the dramatically narrowing of the band gap in Co-LBiT(OD) cannot be attributed to
experimental error. As shown in figure 5, Co-LBiT(OD) exhibited conducting behavior due
to band gap narrowing, whereas the other three sample, LBiT(OD), LBiT, Co-LBiT showed
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Figure 5. Resistance of dispersive Co-LBiT(OD) with a mass of 0 to 0.24 g in distilled water.



Downloaded by [University Of Gujrat] at 13:41 11 December 2014

Control of Optical Band Gap 43

completely insulating behavior. The resistance of the dispersive Co-LBiT(OD) powders in
distilled water (16ml) was reduced sharply from 0.91 to 0.727 M2 unlike the other samples.
The Co-LBiT(OD) sample was characterized as an electric conductor whereas the other
samples were classified as insulators.

Conclusion

Chemical and oxygen vacancy doping of LBiT was performed in an attempt to control
the band gap. The substitution of a Co atom to Ti was used for chemical doping, and
heat treatment in a vacuum furnace was used for oxygen vacancy doping of LBiT and
Co-LBiT powders. Cobalt-doped powder had a band gap of approximately 2 eV, which is
much lower than that of the LBiT powder, ~2.75 eV. Additional oxygen vacancy doping
of LBiT, Co-LBiT could give rise to further tenability; the band gap of LBiT(OD) and Co-
LBiT(OD) were 2.6 eV and ~1.2 eV, respectively. Interestingly, although heat treatment
was used to generate oxygen vacancies in LBIT and Co-LBiT were exactly same, the
decrease in band gap in the Co-LBiT(OD) sample was much larger than that of the oxygen
deficient sample without cobalt doping, LBIT (OD). The Co-LBiT(OD) samples produced
by chemical and oxygen vacancy doping showed a significantly lower optical band gap than
the other samples. Control of the band gap chemical and oxygen vacancy doping can be
applied to other complex oxides materials and provides a new tool for manipulating oxide
optoelectronics.
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